The aim of this work was to study key processes of autumnal leaf senescence of apple trees after commercial harvest date. Changes in source-sink relationships and environmental effects on leaf senescence were evaluated with the following results: 1)The photosynthetic potential of the senescing apple leaves remained high at 8-14 µmol CO 2 m -2 s -1 after the commercial harvest date. 2) Delayed harvest enhanced autumn leaf photosynthesis due to larger in vivo RUBISCO activity in comparison with trees harvested at the commercial harvest date. Therein, transpiration was not affected by fruit harvest and stomata did not limit leaf photosynthesis. 3) Maximum photochemical efficiency Fv/Fm of PS II of senescing apple leaves also remained at the optimum level of 0.80 for the first few weeks after commercial harvest date. The subsequent decrease in the photochemical efficiency was delayed in trees still bearing fruit. 4) Chlorophyll degradation was delayed in apple leaves of trees where harvest was delayed for six weeks. 5) Nitrogen content declined more rapidly in the leaves of apple trees harvested at the commercial date, an indication of earlier onset of senescence and more rapid remobilization to the woody, perennial parts of the tree. In conclusion, the combined environmental factors and the time of fruit harvest determined the rate of autumnal leaf senescence in terms of photosynthetic activity, chlorophyll breakdown and nitrogen translocation.
INTRODUCTION
Senescence is the last, but not least important stage of leaf development for the whole tree. Photosynthesis of leaves in the autumn as well as degradation and remobilization of leaf components to the perennial parts of deciduous trees play a major role for winter hardiness, flower and leaf emergence in the following spring (Titus and Kang, 1982; Loescher et al., 1990) . The onset of autumnal leaf senescence is predominantly associated with environmental factors limiting photosynthesis, in particular by decreases in light intensity, photoperiod and temperature (Spencer and Titus, 1972; Tartachnyk and Blanke, 2001) . In apple trees, leaf photosynthesis is down-regulated by endogenous factors including source-sink relationships (Monselise and Lenz, 1980; Wibbe and Blanke, 1995) . The presence of fruit on the tree can stimulate leaf photosynthesis due to a strong sink demand for photoassimilates (Lenz, 1980; Monselise and Lenz, 1980) . The objective of this study was to determine whether the autumnal leaf senescence induced by limiting environmental conditions can be additionally affected by changes in source-sink relationships late in the season after the time of commercial fruit harvest. The aim of the work was to examine, if changes in source-sink relationships can induce or modify processes of leaf senescence such as 1) decrease in photosynthetic activity, 2) degradation of chlorophyll, and 3) remobilization of carbon and nitrogen.
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MATERIAL AND METHODS
Trees and Fruit Load
Ten six-year-old apple (Malus domestica Borkh.) cv. 'Braeburn' trees on M9 rootstock, with similar shape and fruit load of about 12 kilograms per tree, were selected in Klein-Altendorf experimental field station near Bonn (Germany). Half of the trees had all of their fruit removed at commercial harvest date, while the remaining trees had their fruit left on the trees for a further six weeks.
Physiological Measurements
Bourse leaves from bearing spurs in the peripheral middle part of the apple trees were selected for uniformity and marked. These leaves were sampled for biochemical or physiological analysis. Photosynthesis and transpiration were measured repeatedly on the same three leaves per tree with a CIRAS-1 (PP Systems, Hitchin, UK) portable gas analyser with automated gas mixing system. The responses of photosynthesis to intercellular CO 2 concentration were recorded under light saturation conditions of 1000 µmol PAR m -2 s -1 and the initial slope of these A/Ci curves was employed to estimate in vivo RuBisCO activity. Chlorophyll a fluorescence was measured repeatedly on the same three leaves per tree with a portable fluorometer type PAM 2000 (Walz, Effeltrich, Germany) following the method of Schreiber (1986) . The maximum photochemical efficiency of photosystem II was determined on overcast mornings on attached apple leaves, after dark adaptation for 20 min in leaf clips. Leaf content of carbohydrates was determined by HPLC, and nitrogen by a modified Kjeldal method and chlorophyll spectrophotometrically after extraction with DMSO (Blanke, 1992) .
RESULTS
Photosynthesis and RUBISCO
The photosynthesis potential, measured under saturating light conditions of apple leaves of both harvested and non-harvested trees, remained at the high rate of 14-16 µmol CO 2 m -2 s -1 at the time of commercial harvest. The actual in vivo CO 2 assimilation was affected by both adverse environmental conditions in the autumn, viz. decreasing light intensity or temperature, and the source-sink relationship (Fig. 1a) . One week after fruit removal, CO 2 assimilation ( Fig. 1a ) and in vivo RUBISCO activity (Table 1) of apple spur leaves fell by 40% compared with leaves of trees with delayed harvest.
Stomata and Transpiration
In contrast to the RUBISCO activity, stomatal transpiration appeared unaffected by source-sink relationship, i.e. fruit harvest. Leaf transpiration of both harvested and non-harvested apple trees decreased, to the same extent, with declining irradiance and temperature in the autumn.
Chlorophyll a Fluorescence and PS II Activity
Measurements of chlorophyll a fluorescence showed that maximum photochemical efficiency of PS II, determined as Fv/Fm, remained large at a level of 0.80 in senescing apple leaves for three weeks after the commercial harvest date, irrespective of the presence of fruit on the tree (Fig. 1b) . The optimum Fv/Fm value of 0.80 indicated, like in the case of the light-saturated CO 2 assimilation, a large photosynthetic capacity of these apple leaves in the autumn. The subsequent decrease in the PS II photochemical efficiency of trees with delayed harvest was postponed for a further two weeks compared to harvested trees (Fig. 1b) .
Carbohydrates
Generally, apple leaves in the present experiment contained little starch at harvest time. Trees with fruits left after the commercial harvest date showed slightly larger amounts of starch compared with harvested trees. The concentration of soluble sugars such as sorbitol, sucrose, glucose and fructose increased during leaf senescence which was more pronounced in harvested apple trees compared to trees with remaining fruit (Table 1) .
Chlorophyll Degradation and Nitrogen Remobilisation
Chlorophyll concentrations above 0.5 g m -2 leaf area were measured in the apple leaves at the time of commercial harvest. These concentrations are considered nonlimiting for photosynthesis (Lawlor, 2001) . During subsequent leaf senescence, chlorophyll degraded (Fig. 2a) due to decreases in both chlorophyll a and b and became limiting for photosynthesis (Table 1) . This degradation occurred earlier and was more pronounced in harvested apple trees. Leaf nitrogen content decreased during leaf senescence (Fig. 2b) . Decreases in both leaf chlorophyll (Fig. 2a) and nitrogen content (Fig. 2b) were enhanced in trees harvested at the commercial time (Table 1) .
DISCUSSION
Photosynthesis, Carboxylation Efficiency, RUBISCO and Stomata
The decrease in leaf photosynthesis, enhanced by fruit harvest in the autumn, appeared not limited by stomatal activity, as indicated by unchanged transpiration. The observed 40% decline in RUBISCO in vivo activity in a week after fruit harvest, compared to trees with still attached fruit, indicated a strong sink effect on autumnal photosynthesis of senescing leaves. The simultaneous sharp decrease in leaf nitrogen content (Table 1) confirms findings of Titus (1989) in apple leaves. Since RUBISCO accounts for up to 50% of chloroplast nitrogen (Smart, 1994) and ca. 90% of total leaf protein (Kang and Titus, 1980) , the observed decrease in vivo RUBISCO activity could be due to a decline in its content and subunits' turnover (Table 1) .
Chlorophyll, PS II and PS I
Both autumnal chlorophyll degradation and decline in photochemical efficiency of PS II were delayed by the presence of fruit on the tree. Our results with higher photochemical efficiency of PS II in the leaves of still fruiting in comparison to harvested trees confirm those of Greer et al. (1997) who reported significantly lower photochemical yield of non-cropping compared with cropping apple trees at harvest time due to increased thermal dissipation of absorbed energy in the leaves of harvested trees. This is an effective way for maintaining high photochemical efficiency in response to changes in sink demand (Greer et al., 1997) . Overall, in the cascade of leaf senescence events, in vivo RUBISCO activity first appeared limiting for CO 2 assimilation, followed by the decrease in photochemical efficiency of PS II. Both in vivo RUBISCO activity and photochemical processes in PS II in senescing apple leaves appeared sink regulated.
Carbohydrates and Molecular Biology of Leaf Senescence
The larger accumulation of soluble sugars after harvest can be explained by removal of the fruits as strong sinks. This result confirms the higher levels of carbohydrates in leaves of harvested apple cv. 'Golden Delicious' trees found by Veberic et al. (2002) . The increase in soluble sugars during leaf senescence (Table 1) was probably due to hydrolysis of starch and cell wall constituents.
Accumulation of soluble sugars in the leaf as a result of an imbalance between source and sink at the whole plant limits leaf photosynthesis due to feedback inhibition. This also represses the transcription of photosynthetic genes (Sheen, 1990) , thereby accelerating leaf senescence. Krapp and Stitt (1994) showed that sugar accumulation can lead to a decline in chlorophyll and photosynthetic proteins even in non-senescent leaves. Biswal (1999) suggested the down regulation of photosynthesis associated genes may have a link with up-regulation of senescence associated genes, SAGs. Wingler et al. (1998) concluded that sugars, cytokinin and light interact during senescence by influencing the biosynthesis of photosynthetic proteins.
The observed delay in leaf senescence by the presence of fruit may be explained by continuing fruit sink demand preventing feedback inhibition of photosynthesis and the cascade of processes associated with the onset of leaf senescence under inductive environmental conditions.
CONCLUSIONS
The objective of this study was to determine whether the natural leaf senescence is a result of a) source limitation due to unfavourable environmental conditions in a European autumn and b) decrease in sink strength after the fruit harvest. Key processes of leaf senescence appeared both environmentally and sink regulated. Fruit harvest enhanced 1) the decrease in photosynthesis at first due to reduction in both RUBISCO activity and de novo synthesis, followed by 2) a decline in photochemical efficiency of PS II, 3) chlorophyll breakdown, and 4) degradation of carbohydrates and 5) remobilization of nitrogen compounds (Fig. 3) . The observed decrease in apple leaf photosynthesis after fruit harvest appeared not due to stomatal limitation. In addition, in the cascade of leaf senescence events, in vivo RUBISCO activity first appeared limiting for CO 2 assimilation accompanied by loss in leaf nitrogen, followed by decrease in chlorophyll content and photochemical efficiency of PS II (Fig. 3) . Titus, J.S. and Kang, S.M. 1982. Nitrogen metabolism, translocation, and recycling in apple trees. Hort. Rev. 4:204-246. Veberic, R., Stampar, F. and Vodnik, D. 2002 
